Apoptotic extrusion is a multicellular process utilized by live cells to remove neighboring apoptotic cells. In epithelial tissues, this process has been shown to be critical for the preservation of tissue integrity and barrier function [1, 2] . Here we demonstrate that extrusion is driven by the retraction of the apoptotic cell, which, in turn, triggers a transient and coordinated elongation of the neighboring cells. The coordination of cell elongation requires E-cadherin-mediated cell-cell adhesion. Accordingly, cells that express low levels of E-cadherin are compromised in elongation and apoptotic extrusion, and furthermore, display loss of barrier function in response to apoptotic stimuli. These findings indicate that the maintenance of adhesive forces during apoptotic cell turnover might play an essential role in controlling tissue homeostasis.
Apoptotic extrusion is a multicellular process utilized by live cells to remove neighboring apoptotic cells. In epithelial tissues, this process has been shown to be critical for the preservation of tissue integrity and barrier function [1, 2] . Here we demonstrate that extrusion is driven by the retraction of the apoptotic cell, which, in turn, triggers a transient and coordinated elongation of the neighboring cells. The coordination of cell elongation requires E-cadherin-mediated cell-cell adhesion. Accordingly, cells that express low levels of E-cadherin are compromised in elongation and apoptotic extrusion, and furthermore, display loss of barrier function in response to apoptotic stimuli. These findings indicate that the maintenance of adhesive forces during apoptotic cell turnover might play an essential role in controlling tissue homeostasis.
Results and Discussion
Apoptosis is the most common mechanism by which unwanted cells are eliminated in epithelial tissues [1] [2] [3] [4] [5] [6] [7] . The process by which apoptotic cells are removed from the epithelium has been termed extrusion and involves the squeezing out of the dying cell as a consequence of contractile forces exerted by its neighboring live cells [1, 8] . Although some of the regulatory pathways that contribute to apoptotic extrusion have been elucidated, the mechanisms by which this multicellular response is coordinated remain largely unknown.
To address this question, we have employed an experimental system in which the dynamics of the response of epithelial monolayers to apoptotic stimuli can be assessed with high spatial and temporal specificity. A salient feature of this system is the induction of apoptosis at the single-cell level by the nuclear injection of a plasmid driving expression of a truncated form of a proapoptotic member of the Bcl2 family Bid (tBid) [9] . As illustrated in Figure 1A and Figures S1A and S1B (available online), the injection of tBid into a Madin-Darby canine kidney (MDCK) cell induced phenotypic changes that are characteristic of apoptotic cell death, including cell blebbing and shrinkage, the formation of a contractile actin ring, the acquisition of a phase-bright appearance marking the vertical displacement of the cell undergoing extrusion, and the eventual detachment of the dying cell from the monolayer within 30-100 min postextrusion (data not shown). A similar pattern of morphological progression has been previously described for apoptosis induced by the injection of cytochrome c [10, 11] .
We have applied live-cell imaging to simultaneously follow the dying cell and its live neighbors. Real-time changes in cell morphology were analyzed using software that manually segments cell contours ( Figure 1A) . In order to morphometrically characterize live cells, we measured D t S, the derivative of the ratio between the major and the minor axis of the cell (S) ( Figure 1A, bottom) . This dimensionless aspect ratio normalizes the variation in size and shape that is inherent to unperturbed MDCK cells. The dying cell was morphometrically characterized by measurement of the cell area, A 0 (the total number of pixels within the marked cell boundaries), which reports cell shrinkage, a hallmark of apoptosis [12] . We have found that the living cells in direct contact with the apoptotic cells underwent elongation in the direction of the apoptotic cell ( Figure 1B ; Movie S1, left; Figure S1C). The elongation was transient, reaching peak values at the time of cell extrusion ( Figure 1B ) and culminating with cell relaxation ( Figure S1D ). In contrast, no elongation was detected in cells that are not in direct contact with the apoptotic cell or in mock-injected monolayers (Figures S1E and S1F).
It has been demonstrated that apoptotic extrusion depends on the contraction of the actomyosin network in the cells that surround the apoptotic cell [1] . The contraction is mediated by the small GTPase Rho [1, [13] [14] [15] . Accordingly, injection of C3 transferase, a specific Rho inhibitor [16] , into the neighboring cells has been shown to abolish actomyosin contraction and block apoptotic extrusion [1] . Several lines of evidence suggest that the observed elongation of the live cells is dependent on Rho-mediated contractility of the actomyosin network. First, as illustrated in Figure S1G , C3-transferaseinjected cells failed to elongate in response to tBid-induced apoptosis. Second, we have observed that the dynamics of cell elongation closely follows the dynamics of actin recruitment at the ring that surrounds the apoptotic cell (measured using the actin probe mCherry-Utrophin; see Figures 1C and 1D; Movie S1, middle). Lastly, we have found that cell elongation correlated with the levels of active myosin, a marker of cell contractility ( Figure S1H) , and with the levels of Vinculin at cellcell junctions ( Figure S1I ), which are sites of myosin-dependent tension [17] .
We observed that the elongation of the live cells is initiated only after the dying cell has undergone considerable shrinkage ( Figure 1B ). This temporal relationship between the increase in elongation of live cells and the apoptotic progression of the dying cell raises the possibility that cell elongation might be functionally coupled to the morphological changes in the apoptotic cell. To test this idea, we sought to analyze the response of the epithelial monolayer under conditions where apoptosis-related morphological changes can be uncoupled from cell death. To this end, we microinjected a constitutively active form of the Rho-associated coiled-coil-containing protein ROCK (DROCK2) [18] . In agreement with earlier reports [18] [19] [20] , we have observed that MDCK cells injected with DROCK2 acquired morphological changes that are characteristic of apoptotic cell death, most notably cell shrinkage in the absence of an actual cell death as determined by Annexin V-fluorescein isothiocyanate staining ( Figure S1J ). Importantly, the expression of DROCK2 elicited transient elongation of the neighboring cells and cell extrusion similar to that observed upon the induction of apoptosis ( Figures 1E, 1F , and S1K; Movie S1, right). These results indicate that the morphological changes that take place as the cell undergoes *Correspondence: dafna.bar-sagi@nyumc.org apoptotic death may be sufficient to trigger the elongation of the surrounding living cells.
Apoptotic cell death is characterized by the retention of cell membrane integrity [21] . As such, the morphological changes displayed by the living cells could result from the pulling force that the apoptotic cell would exert as it shrinks. To investigate this possibility, we have analyzed the consequences of necrosis, a cell death modality that is associated with a loss of structural integrity of the plasma membrane [21] [22] [23] . To induce necrosis, single cells were mechanically punctured using the tip of a microneedle. The resulting loss of membrane integrity was demonstrated by the uptake of the Figure S1 and Movie S1. membrane-impermeant dye SYTOX Green (Figure 2A ), electron microscopy analysis ( Figures 2B and 2C) , and analysis of cell-cell contacts as determined by live imaging of MDCK cells stably expressing E-cadherin-GFP [24] (Figures S2A and S2B; Movie S2, left). Importantly, the induction of necrosis failed to initiate elongation in the neighboring cells (Figures 2A  and 2D ; Movie S2, right). These observations are consistent with the hypothesis that contact-dependent pulling forces from the apoptotic cell trigger the elongation of its neighboring cells.
To further investigate the dynamics of cell shape changes in response to apoptosis, we have analyzed the temporal relationships between the elongation of neighboring cells. A heatmap display of D t S values for nearest neighbors indicates that the majority of cells elongated in a highly coordinated manner ( Figures 3A and S3A) . To test the physiological relevance of this coordination, we blocked elongation of a subset of cells that are in direct contact with the dying cell by microinjecting with C3 transferase ( Figure 3B ). Elongation was reduced by w2-fold in noninjected cells ( Figure 3C versus Figure 1B) . Moreover, when three to five neighboring cells were injected with C3 transferase (out of typically six to seven cells), the remaining noninjected cells failed to extrude the apoptotic cells ( Figure S3B ; Movie S3, left) as evident by inplane position of the apoptotic cell. This observation supports a role for a coordinated response by the neighboring cells in the apoptotic extrusion process.
Cell-cell adhesion plays an important role in coordinating cell behavior [25] [26] [27] . To investigate the contribution of intercellular junctions to the elongation response and apoptotic cell extrusion, we examined the effects of depletion of E-cadherin, a critical modulator of cell-cell contact. This was accomplished through the generation of stable MDCK cell lines expressing doxycycline-inducible small hairpin RNA (shRNA) constructs targeting different regions of canine E-cadherin (shEcad A and B) as well as shRNA (scramble) control. The efficiency of knockdown was confirmed by immunofluorescence, immunoblotting, and RT-PCR ( Figures 3D, 3E and S3C). We found that MDCK cells depleted of E-cadherin failed to elongate and extrude the dying cell ( Figure 3F ; Movie S3, middle and right), as assessed by the in-plane position of the apoptotic cell for the duration of the experiment. The failure to elongate was not merely due to an inability of the neighboring cells to assemble an actin ring, because the formation of the ring around the apoptotic cell was unperturbed in the E-cadherin-depleted MDCK monolayer ( Figures S3D  and S3E ). These findings indicate that E-cadherin-mediated adhesion is required for both cell elongation and apoptotic extrusion. The extent to which elongation is causally linked to extrusion remains to be established.
Loss of E-cadherin expression has been often associated with epithelial cancers [28] . In light of our observation that E-cadherin-mediated adhesion is required for cell elongation, we set out to test the prediction that the capacity of cancer cell lines to elongate in response to apoptosis is dependent on their E-cadherin status. In human cancer cell lines that are E-cadherin positive, such as 5637, H441, and Caco-2 (Figures 4A and 4B ; Movie S4, left), the induction of apoptosis was accompanied by transient elongations in the neighboring cells with similar dynamics to those observed in MDCK cells (Figure 1B) . In contrast, E-cadherin-deficient cell lines, such as T24, A549, PANC-1, and SW480, failed to elongate ( Figures  4A, 4C , and 4E; Movie S4, right). To confirm that the inability to elongate is due specifically to loss of E-cadherin, we analyzed whether restoring E-cadherin could rescue the ability of the cells surrounding the apoptotic cells to elongate. Stable expression of E-cadherin fused directly to a-catenin (E-cada-cat) [29] (a mutant that lacks the b-catenin binding region and therefore regulates E-cadherin-mediated adhesion, but not gene expression) restored both intercellular adhesion ( Figure 4D ) and the ability of neighboring cells to undergo the morphological changes required for apoptotic extrusion ( Figure 4E ).
It has been proposed that the contraction of the neighboring cells around the dying cell serves to prevent the formation of a gap in the epithelial monolayer that could result from the exit of the apoptotic cell [1, 2, 30] . This raises the possibility that impaired elongation could result in a breach in the epithelial barrier function. In support of this prediction, we have found that E-cadherin-depleted MDCK cells often formed gaps in the monolayer around the dying cell ( Figures 4F, S3D , and S3F; Movie S3, middle). To test whether this disruption in the continuity of the monolayer was associated with the loss of epithelial barrier function, we carried out permeability measurements on polarized MDCK monolayers [31] . To this end, MDCK cells were plated on Transwell filters and allowed to grow to confluence in the presence of doxycycline to induce knockdown of E-cadherin. Junction integrity after UV-induced apoptosis was then assessed by uptake of paracellular fluorescent dextran. As illustrated in Figure 4G , the induction of apoptosis in epithelial monolayers that lack E-cadherin was associated with an increased paracellular diffusion of fluorescent dextran consistent with a disruption in barrier function. The specificity of this effect is indicated by the observations that E-cadherin depletion had no effect on the extent of apoptotic cell death ( Figures S4A and S4B) or the epithelial barrier function itself in the absence of apoptotic stimuli, as assessed by localization of tight-junction-associated zona occludens-1 [32] (Figure S4C) . It has been shown that loss of barrier function could result from cell separation induced by high levels of cell contractility [33] . To examine the relevance of this mechanism to the breach in barrier function observed in the E-cadherin-depleted cells, we abrogated actomyosin contractility by using the ROCK inhibitor Y-27632. As shown in Figure S4D , the enhanced permeability displayed by E-cadherin-depleted cells after apoptosis was significantly reduced by ROCK inhibition, suggesting a role for E-cadherin in coordinating the transmission of contractile forces between neighboring cells. Together, these results indicate that E-cadherin status may be an important determinant in preserving the barrier function of epithelial cells when exposed to apoptotic stimuli.
Mechanical signals have been implicated in the regulation of multiple fundamental biological processes, such as cell growth, differentiation, and tissue development and maintenance [7, 34, 35] . Our findings that ROCK-dependent morphological changes are necessary and sufficient to trigger cell extrusion suggest that mechanical signals from the apoptotic cell might play an essential role in regulating this process. It has been previously proposed that the release of a soluble factor, sphingosine 1-phosphate, by the dying cell promotes the contraction of the neighboring cells, thereby triggering cellular extrusion [36] . Future studies will be required to dissect how these different mechanisms might mutually contribute to the dynamics and robustness of apoptotic cell extrusion.
A key feature of the coordinated response of the neighboring cells to the dying cell, as revealed in the present study, is its dependence on E-cadherin. The requirement for E-cadherin likely reflects multiple regulatory roles, including the maintenance of adhesion forces between the live cells as well as between the apoptotic cell and the surrounding live cell. In addition, E-cadherin could be required to transmit tension around the contractile ring. In Drosophila embryos, reducing cell adhesion through injection of E-cadherin-targeted double-stranded RNA leads to failure to maintain tension between cells, causing tissue-wide epithelial tears [37] . By analogy, our data suggest that reduced E-cadherin levels could lead to an impairment of epithelial integrity during cellular turnover.
A breach in epithelial integrity is linked to loss of barrier function and as such could stir leakage of immunostimulatory contents, leading to immune stimulation and secretion of cytokines that can feed back and further increase epithelial leakiness [38, 39] . Because downregulation of E-cadherin-mediated adhesion has been shown to be an early event in tumorigenesis [40] [41] [42] , apoptotic cell death in this setting could contribute to the establishment of inflammatory conditions. Thus, the link between E-cadherin status and apoptotic cell extrusion may constitute an important determinant of tissue homeostasis under normal physiology as well as under pathological conditions.
Experimental Procedures
Standard procedures were followed as described in the Supplemental Experimental Procedures. All error bars indicate SEM, unless noted. The p values have been derived by two-tailed t test or chi-square test as indicated. Image segmentation was performed manually using custom designed MATLAB software (MathWorks).
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